Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative condition affecting the
whether this is related to the grammatic properties of verbs, executive difficulties that limit verb processing, or some other cognitive disorder. There is cortical atrophy in motorassociated regions in ALS, 13, 14 and fMRI studies show frontal motor activation when listening to action names, 15 but we are not aware of MRI studies directly correlating action verb difficulty with the neuroanatomic distribution of disease in ALS. If motor cortex disease degrades features of action concepts, we reasoned that patients with ALS should have difficulty on tasks requiring action knowledge, and action knowledge deficits should correlate with atrophy in motorrelated cortical areas.
METHODS Subjects. We studied 34 right-handed, high school educated, native English speakers with clinically definite ALS, diagnosed according to El Escorial criteria. 16 Our initial cohort included 43 consecutively examined patients with ALS, but 9 were excluded because they did not have a score for both action knowledge and object knowledge (see below). These patients participated in an informed consent procedure approved by the University of Pennsylvania. Based on a screening battery involving abnormal performance (worse performance than 25 healthy matched controls, according to a z-score criterion of p Ͻ 0.05) on three of four tasks (reverse digit span, category naming fluency, an oral trails procedure, Frontal Behavioral Inventory) or the presence of a frontotemporal lobar degeneration (FTLD) syndrome, 14 (35.3%) of the 34 patients with ALS were thought to have a cognitive impairment. Exclusion criteria included evidence of another neurologic condition (e.g., trauma, hydrocephalus) or a medical condition that could explain their disorder. Participants were not taking sedating medications that could interfere with performance. Patients were evaluated by physicians who are experts in the diagnosis and care of patients with ALS (L.M., L.E.). Overall disease severity was assessed with the ALS Functional Rating Scale-Revised (ALSFRS-R), 17 and the degree of upper motor neuron impairment across face, upper limbs, and lower limbs as well as right upper extremity disease were assessed with the Ashworth scale. 18 Note should be made of the fairly high ALSFRS-R score relative to the fairly long duration of ALS. All patients did not perform all tasks listed below because of time limitations or inadvertent omission. Clinical and demographic features of the patients are summarized in table 1.
Cognitive materials and procedures. Two core tasks were administered to these patients. These measures were selected because they are verbally mediated, do not involve gesture or action performance, are untimed, require minimal response effort in any modality of expression, and involve minimal task-related resources.
Associativity judgments of actions and objects 19 : Patients were given a target verb naming an action or a noun naming an object, and were asked to select the one of two available singleword choices that goes best with the target. The frequencies of the target stimuli and the choices were matched across categories using a frequency count sensitive to grammatic category. 20 Word-description matching of actions and objects 21 : Patients were given a phrase describing an action or object, and then were asked to select the best of four available action verbs or object nouns that matches the described target. The frequencies of the target stimuli and the content words of the descriptions were matched across categories using a frequency count sensitive to grammatic category. 20 All participants had a score on both a measure of actions and a measure of objects to achieve a within-patient design. When a score was available for two action measures or two object measures, we averaged these percent accuracy scores to yield a single measure for that category of knowledge.
We administered additional cognitive measures to assess executive functioning and grammatic comprehension (the number of participants performing each task is provided in parentheses). These materials were administered to patients as part of a larger cognitive protocol typically on the same day as the imaging protocol. Digit span reverse 22 : the longest number of digits correctly repeated in the reverse order (n ϭ 27); Category naming fluency 23 : the number of unique words beginning with a specified target letter ("F") produced in 1 minute (n ϭ 27); Test of the Reception of Grammar 24 : a four-alternative, forced-choice sentencepicture matching task, where we administered the subset of items requiring agreements for gender and number, and appreciation of grammatically complex phrasing (n ϭ 32).
Imaging methods and procedures. High resolution structural MRI scans were available in 26 patients with ALS to establish cortical volume using a modulated version of voxel-based morphometry (VBM). These patients were compared to 16 healthy, age-matched adults. Images were acquired by a Siemens Trio 3T MRI scanner. Each study began with a rapid sagittal T1-weighted image to determine patient position. Next, high resolution T1-weighted three-dimensional spoiled gradient echo images were acquired with repetition time ϭ 1,620 msec, echo time ϭ 3 msec, slice thickness 1.0 mm, flip angle 15º, matrix ϭ 192 ϫ 256, and in-plane resolution 0.9 ϫ 0.9 mm. Brain volumes were registered in SPM2 using 12-parameter affine, nonlinear registration using 16 nonlinear iterations, and 7 ϫ 8 ϫ 7 ALSFRS-R ϭ ALS Functional Rating Scale-Revised.
basis functions. The brain volumes were then spatially normalized to the MNI coordinate system, and coordinates identified according to Talairach and Tournaux (www.mrc-cbu. cam.ac.uk/mni2tal). SPM2 was used to segment the brain volumes into four tissue types (gray matter, white matter, CSF, and other). Gray matter volume was smoothed with a 12 mm fullwidth half-maximum Gaussian filter. A threshold was used to include only voxels with Ͼ40% gray matter. Implicit masking was used to ignore zeros, and global calculation was omitted.
The cortical volumes of patients with ALS were contrasted with controls using a two-sample t test to identify the anatomic distribution of significant cortical atrophy. The statistical threshold for significant atrophy included voxel height corrected for multiple comparisons by false discovery rate at p Ͻ 0.05, and cluster volume corrected for multiple comparisons at p Ͻ 0.05. SPM2 was used to perform a regression analysis relating cortical volume in patients with ALS to performance accuracy on measures of action knowledge and object knowledge. We used the percent correct accuracy scores computed for average performance on measures involving action knowledge and object knowledge. Because of the very small size of the voxels in the VBM analysis, we accepted a voxel height threshold of p Ͻ 0.001 uncorrected, and a cluster consisting of Ͼ100 adjacent, significantly correlated voxels, except where indicated by an asterisk in 
Performance on executive and grammatic measures is summarized in table 1. Performance on measures requiring action knowledge correlated with executive measures [category naming fluency: r(27) ϭ 0.57; p Ͻ 0.005; digit span reverse: r (27) 
Imaging studies. Figure 2A illustrates significant cortical atrophy in ALS relative to controls in the frontal lobes bilaterally. Table 2 summarizes the anatomic location of the peak voxels in the clusters showing significant cortical atrophy. We found significant cortical atrophy in motor and premotor cortex. We also saw significant atrophy in prefrontal and anterior temporal cortices. Figure 2B and table 2 show that cortical atrophy in premotor areas associated with the representation of the face, arm, and leg correlated with performance on measures requiring action knowledge. These areas overlapped in part with the distribution of cortical atrophy in these patients (see figure 2A) . Nonmotor cortical regions associated with action knowledge included bilateral dorsolateral prefrontal cortex and inferior frontal cortex, also overlapping with cortical atrophy in ALS. Dorsolateral prefrontal and inferior frontal areas correlated significantly with performance on measures requiring object knowledge as well (see figure 2C and table 2) . However, performance on measures requiring object knowledge did not correlate with motor cortex atrophy. DISCUSSION Patients with a motor disorder due to ALS were significantly impaired in their performance on measures requiring action knowledge. Correlation studies relating this deficit to cortical atrophy implicated two components of action concepts in ALS: The motor system that presumably supports the representation of knowledge of action features and an amodal system involved in processing actions as well as objects. We discuss these findings below.
ALS has long been characterized as a neurodegenerative disorder affecting the motor system, and patients with ALS were thought to have minimal cognitive difficulty. The exception appeared to in- Figure 1 Mean (؎SD) percent accuracy for actions and objects on worddescription matching and associativity judgment tasks in amyotrophic lateral sclerosis clude a handful of patients who had a co-occurring dementia with a phenotype resembling FTLD. 5 Recent studies demonstrate instead that cognitive difficulties are not uncommon in ALS. [7] [8] [9] [10] [11] Patients with ALS also have significant cortical atrophy that affects motor-associated brain regions, consistent with the upper motor neuron component of their disease. Moreover, cortical atrophy in ALS extends into prefrontal and anterior temporal regions. 13, 14 This is the anatomic distribution of disease in patients with FTLD, including those who have FTLD-U pathology. 25, 26 The unifying feature appears to be the underlying histopathology in these conditions: patients with ALS and patients with FTLD both show FTLD-U pathology, 27, 28 with ubiquitin inclusions that are immunoreactive for a TAR DNA protein of 43 kDa (TDP-43) thought to be the disease protein responsible for both conditions. 29, 30 One report implicates TDP-43 in the cognitive difficulties of FTLD-U patients. 31 In this context, we found significant difficulty on measures requiring action knowledge compared to object knowledge in ALS. Although the discrepancy between actions and objects may appear somewhat greater for the word-description matching task than the associativity judgment task, the pattern of worse performance for actions than objects was present in a significant majority of individual patients with ALS. Greater difficulty on tasks requiring action knowledge than object knowledge emphasizes that the impairment cannot be explained entirely by a nonspecific semantic memory deficit. We hypothesize instead that the deficit in ALS is related at least in part to the degradation of action feature knowledge associated with a neurodegenerative condition that compromises motor-related cortical regions. Direct evidence consistent with the degradation of action knowledge comes from the correlation of performance on measures requiring action knowledge with cortical atrophy in motor regions. Since this correlation overlaps with the anatomic distribution of cortical atrophy in ALS, it appears that the large-scale neural network underlying action concepts is interrupted in these patients. The selective nature of this correlation is emphasized by the fact that performance on measures of object knowledge does not correlate with motor cortex atrophy. Sensory-motor theories of semantic memory postulate that the motor features of action concepts are represented in brain regions close to where the motor processes are implemented; namely, motor-associated cortex. 2 fMRI studies of healthy adults show activation of motor and premotor cortex during tasks challenging action knowledge. 4 For example, the leg region of primary motor cortex is activated when reading or silently naming verbs that involve a leg action, and the face region of primary motor cortex is recruited when reading and naming verbs that involve a facial action. 15 While evidence in this study suggests that degraded action feature knowledge contributes to a semantic memory deficit in ALS, this may not entirely explain their difficulty. Performance on measures requiring action knowledge also correlated with executive control tasks. This correlation was not seen for measures of object knowledge. This is consistent with previous work showing that verbs are more difficult to process than nouns. 32 We assessed other possible accounts for action verb difficulty. The sets of action and object words were matched for frequency, so this cannot explain the verb deficit. Performance on a grammatic comprehension task was correlated with measures involving both action verbs and object nouns. A comparison of subsets of patients with ALS with differing levels of cognitive difficulty found that Figure 2 (A) Cortical atrophy in amyotrophic lateral sclerosis; (B) correlation of cortical atrophy with performance on tasks requiring action knowledge; (C) correlation of cortical atrophy with performance on tasks requiring object knowledge both cognitively intact and cognitively impaired groups have greater difficulty with actions than objects, and that the discrepancy between these categories of knowledge is equivalent across groups. There are other differences between action verbs and object nouns that may contribute to the action verb deficit in ALS, and these should be investigated in future work.
We also found overlapping correlations between measures of both action and object knowledge, on the one hand, and cortical atrophy in inferior frontal and dorsolateral prefrontal cortex in ALS. fMRI studies in healthy adults show inferior frontal and dorsolateral prefrontal activation during semantically related executive processes. For example, interpretation of word meaning requires cognitive components beyond category-specific feature knowledge such as selection from semantic memory 33, 34 and categorization of stimuli into a meaningful concept. 35, 36 Executive components of semantic memory such as these are shared by action and object concepts, although this may affect verbs more than nouns because of the greater executive demands associated with verbs. The correlations in left inferior frontal and dorsolateral prefrontal regions also may be related to grammatic processing that allows verbs and nouns to be used correctly in speech. fMRI studies in healthy adults show inferior frontal and dorsolateral prefrontal activation during probes of lexical grammatic subcategory, 37, 38 and grammatic processing also utilizes executive resources. 39, 40 Several caveats must be kept in mind. We studied small numbers of patients on a limited number of tasks, and difficulty on measures involving action knowledge in ALS must be confirmed. We may not have seen a correlation between action knowledge and upper motor neuron disease because we did not assess actions involving specific body parts or study patients with disease involving only one body segment, and it would be useful to confirm involvement of specific motor cortex regions by relating impaired knowledge of actions involving specific body parts with disease involving the corresponding portion of motor cortex in patients with selective motor impairments. With these caveats in mind, we found a deficit on measures of comprehension in patients with ALS that compromises action knowledge significantly more than object knowledge. This impairment appears to reflect disease in motor cortex that interferes with tasks requiring knowledge of action features. The deficit also may be due in part to prefrontal disease associated with an amodal semantic impairment. 
